The purposes of this study were to evaluate the efficiency of acetone removal by electron beam irradiation in groundwater and the effect of various conditions. According to the results, the removal kinetics of acetone were pseudo first-order, and the removal efficiencies were expressed to the (%) removal and G-values. By adding sulfite, it was confirmed that acetone was mainly degraded by the reaction with the hydrated electrons. The presence of nitrate caused the removal of acetone to decrease. But there was no significant effect of alkalinity on the removal of acetone. The effect of the initial pH values (pH 5 to 9) on the acetone removal efficiency was negligible, but the pH value decreases due to the formation of acidic compounds after irradiation.
INTRODUCTION
Electron beam irradiation is an emerging technology that is widely applied to the treatment of wastewater or groundwater contaminated with organic compounds. Electron beam irradiation is effective for destroying volatile organic compounds (VOCs) such as trichloroethylene (TCE) and perchloroethylene (PCE), and other contaminants present in groundwater (Oppelt 1997) . The technology irradiates water with a beam of high-energy electrons, causing the formation of three primary reactive species: hydrated electrons ðe 2 aq Þ, hydroxyl radicals (zOH), and hydrogen radicals (zH) (Buxton et al. 1988) . These reactive species undergo rapid reactions with organic compounds present in water. Including these species, the irradiation of water results in several radicals, ions, and molecules and can be described as shown in Equation (1) (Allen 1961; Cooper et al. 1992) .
Recently, the electron beam technology was applied to examine the removal of methyl tert-butyl ether (MTBE) . MTBE which has been used as a gasoline additive to increase the octane number is frequently found in groundwater (Cooper et al. 2003) .
In December 1996, the U.S. EPA tentatively classified MTBE as a possible human carcinogen and in April 1998, the California EPA's Office released a report that proposed a public health goal to limit the level of MTBE in drinking water to 14 mg L 21 (Lovett 1998) . Therefore, several studies have been conducted to treatment the water contaminated with MTBE especially by advanced oxidation processes (AOPs), since it has a high rate constant for reaction with the zOH in aqueous solution (k zOH ¼ 1.6 £ 10 9 M 21 s 21 : Buxton et al. 1988 ).
However, a literature survey on studies undertaken on the removal of MTBE by AOPs such as the UV/H 2 O 2 process and the ozone/H 2 O 2 process reveals that the doi: 10.2166/wst.2009.234 acetone, one of the major byproduct of MTBE, is relatively formed high concentration and difficult to remove by AOPs (Stefan et al. 2000; Acero et al. 2001) . According to a preliminary experiment of this study about the removal of MTBE by electron beam irradiation, on the other hand, the result of the formation of acetone shows a different pattern. The acetone was detected with low concentration in that case as compared to the AOPs cases, so that, this study was focused on an acetone removal by electron beam irradiation.
Acetone is a chemical that is used to make other chemicals such as plastics, fibers, and drugs (ATSDR 1994) .
Acetone has been used for solvents prevalent in pharmaceutical wastewaters, and the concentration range of acetone used from 30 to 750 mM (Enright et al. 2005) . For these reasons, acetone is detected in water and groundwater. In a New Jersey (USA) industrial site with groundwater, acetone was detected at a level of about 21 mg L 21 (Adey et al. 1996) . The EPA regulated level for acetone varies from site to site, depending on the future usage planned for the groundwater resource (Parizek 1984) . The Minnesota Department of Health reported that the HRL (Health Risk Limit) of acetone in groundwater is 0.7 mg L 21 (MDH 1996) .
Acetone is known as a compound that is relatively easy to biodegrade; however, Robinson et al. (1991) observed that an industrial-activated sludge treatment system was unable to biodegrade acetone, which was used at the site.
Acetone has also been reported to act as an inhibitor of biochemical processes (Ishizaki et al. 1999; Jitesh et al. 2000) . Granulated activated carbon technology has been used as an alternative in some of these cases, but activated carbon has a relatively low adsorptive capacity for acetone because of its relatively high water solubility (Dobbs & Cohen 1980) . Stripping acetone is not feasible at ambient temperatures because of its relatively low Henry's law constant (Zappi et al. 1991) . Advanced oxidation processes (AOPs) need relatively high concentrations of ozone or hydrogen peroxide with UV to remove acetone beyond 99% (Hernandez et al. 2002) .
The aims of this study are to evaluate the efficiency of acetone removal by electron beam irradiation in groundwater and the effect of various conditions such as initial concentrations of acetone, nitrate, alkalinity, and pH values.
METHODS

Sample preparation
All of the acetone solutions and MTBE were prepared with groundwater taken from Wonju, Korea (pH 7, alkalinity 50 mg L 21 as CaCO 3 , TOC 0.43 mg L 21 , nitrate 2.56 mg L 21 ). 
Electron-beam irradiation
All irradiation experiments were performed using an electron accelerator (ELV-8), which belonged to EB Tech Co., Ltd., Korea. The electron beam energy was 2.5 MeV, and the power was 100 kW. The absorbed doses were irradiated as 0.6, 1.2, 2.5, 5, and 10 kGy, respectively. The samples were prepared with 60 mL in PE-pack and placed on the irradiation moving tray. After electron beam irradiation, the samples were taken in 50 mL vials without headspace and refrigerated upon receipt and stored at 48C darkroom until analysis.
Analysis
The concentration of MTBE, acetone (AC), tert-butyl formate (TBF), tert-butyl alcohol (TBA), and methyl acetate (MA) were analyzed using GC-FID (DONAM, DS6200, Korea) equipped with a DB-624 column (30 m £ 0.53 mm £ 3 mm). The samples were pretreated by the headspace method. The samples of 10 mL volume in 20 mL Teflon-faced aluminum-sealed vials were heated at 908C for 30 minutes in a water bath, and then 1 mL of the gas phase sample was injected into the GC-FID injector by using a 1 mL gas-tight syringe. The carrier gas was a purified nitrogen gas at the flow rate of 2.0 mL min 21 . The GC oven temperature was held at a constant 708C, and the temperature of both the injector and detector was 2708C.
The pH values were measured by the pH meter (Thermo, ORION 3 STAR, US). The instrument was calibrated before each use with pH 4, 7, and 10 buffer solutions.
The concentration of acetic, formic, and oxalic acids were analyzed using single-column ion chromatography (Metrohm, 761 compact IC, Switzerland) equipped with a Metrosep A Supp 5 separation column (4.0 mm £ 250 mm).
The latter consisted of a mixture of 3.2 mM sodium carbonate (Na 2 CO 3 ) and 1.0 mM sodium bicarbonate (NaHCO 3 ) delivered at the flow rate of 0.6 mL min 21 . The 813 compact autosampler (Metrohm, Herisau, Switzerland) was assembled with a 50-mL injection loop.
All experiments were performed in replicate, and the data shown herein represent an average of the two replicates. (Stefan et al. 2000) . Stefan et al. (2000) reported that results suggested not only that acetone is a less reactive organic compound toward zOH, but also that it is formed from some of the MTBE byproducts. According to the product studies carried out on the degradation of TBF and TBA by the reactions of zOH, acetone is the primary product generated in both cases (Wu et al. 2002) .
RESULTS AND DISCUSSION
The degradation of MTBE and formation of byproducts by electron beam irradiation as a function of the absorbed dose are shown in Figure 1 . It was observed that acetone was found as the intermediate of MTBE oxidation with maximum yield of about 5%, and it was removed approximately 55% at 10 kGy absorbed dose. Even though TBF and TBA were generated from MTBE and removed as absorbed dose increase, the concentration of acetone was relatively low as compared to AOPs cases. It is supposed that acetone reacted with some other activity species except zOH.
Electron beam irradiation-induced removal of acetone
Removal efficiency
Acetone with initial concentrations of 14, 29, and 58 mg L 21 was irradiated by electron beam at different doses. The removal percentages of the acetone and G-values are shown in Table 1 . The removal percentages of acetone increased as the absorbed doses increased at a given initial concentration, but decreased as the initial concentration of acetone increased at a given absorbed dose. With initial concentrations of 14, 29, and 58 mg L 21 , 99%, 97%, and 90%, respectively, of the acetone was removed at the 10 kGy absorbed dose. Although the removal (%) of the solute is the simplest way to express the removal efficiency, it is somewhat misleading from a mass removal point of view (Mak et al. 1997) . Thus, another way to describe solute removal is through G-values, the amount of removed solute per unit absorbed dose. The G-value, the specific removal efficiency, was calculated at each absorbed dose by using the following Equation (Kurucz et al. 1991; Junko 1997) :
where DR is the amount of removed acetone in mol L 21 , N A is Avogadro's number, 6.02 £ 10 23 in molecules mol 21 , D is the absorbed dose in kGy, 6.24 £ 10 19 is the conversion constant from kGy to 100 eV L 21 , and G is the specific removal efficiency in the molecules (100 eV) 21 .
As shown in Table 1 , the G-values decreased as the absorbed doses increased at a given initial acetone concentration, in spite of the increasing acetone removal percentage. One possible explanation for this is that the primary radicals are undergoing radical-radical recombinations reactions at the higher doses (Mak et al. 1997) .
Therefore, the relative concentration of reactive radicals is low at the higher doses, and the specific removal efficiency of the acetone is reduced at the higher doses. Figure 2 shows the removal kinetics of acetone as a function of the absorbed dose. The removal of acetone in groundwater was followed the pseudo first-order kinetic model with respect to the absorbed dose, and can be described by the following Equation (Nickelsen et al. 1994) :
Removal kinetics
where R D is the residual concentration of acetone at any dose in mol L 21 , R 0 is the initial concentration of acetone in mol L 21 , D is the absorbed dose in kGy, and k is the rate constant in kGy 21 . From Equation (6), D 0.9 , the dose required for the solute to reach 90% removal, can be calculated by already known values, the rate constants (k), and the following Equation ( Including the rate constants (k), the D 0.9 and the R 2 values in different initial acetone concentration are listed in Table 2 . The rate constants of acetone removal by electron beam irradiation decreased as the initial concentration increased. On the contrary, the D 0.9 increased as the initial concentration of acetone increased. This means that it is easier to remove acetone at the lower initial concentration.
Effect of zOH scavenger on acetone removal
According to Buxton et al. (1988) , acetone has a high reactivity with e 2 aq and zOH out of many species formed 
Especially acetone has a higher reactivity with e 2 aq than zOH, but it was need to make sure that if zOH contribute to acetone removal or not. Therefore, in order to clearly determine the major contributive radical in acetone removal, the removal of acetone in the presence and absence of sulfite ð½SO 22 3 0 ¼ 80 mg L 21 Þ was investigated (Figure 3 ). Sulfite slowly reacts with e 2 aq , but quickly reacts with zOH ðk e 2 ¼ 1:5 £ 10 6 M 21 s 21 , k zOH ¼ 5.5 £ 10 9 M 21 s 21 : Buxton et al. 1988) . Therefore, sulfite was used as a zOH scavenger in this study. Figure 3 , degradations of acetone were significantly the same regardless of sulfite addition, indicating that the effect of the sulfite on degrading acetone was negligible. It can be exactly concluded that acetone was mainly degraded by the reaction with e 2 aq , not zOH in electron beam treatment. That is the reason why the concentration of acetone formed from MTBE degradation by electron beam was relatively low compared with other AOPs.
As shown in
Effect of various conditions on acetone removal by electron beam irradiation
Effect of nitrate
According to the Korea Institute of Geoscience and Mineral Resources' research, nitrate was detected in groundwater not only in agricultural areas but also in industrial areas in Ulsan, Korea, about 50 to 100 mg L 21 (Im 2005) . Nitrate is always present in industrial and municipal wastewater.
Therefore, the effect of nitrate on acetone removal was investigated, and those results are shown in Figure 4 . The removal rate of acetone decreased as the concentrations of nitrate increased to 10, 50, and 100 mg L 21 . For the case of the 100 mg L 21 nitrate concentration, the acetone removal rate was reduced approximately 43% at the absorbed dose of 10 kGy as compared with the case of the raw groundwater.
The rate constants, k, for acetone removal significantly decreased, and the D 0.9 values increased to above 27 kGy as shown in Table 3 . However, for the case of relatively low concentration, 10 mg L 21 nitrate concentration, the effect of nitrate on the acetone removal was negligible.
Nitrate has a high reactivity with e 2 aq and zH, while zOH play an insignificant role with nitrate. As shown in Reactions (7) and (8), nitrate has the highest bimolecular reaction rate constant with e 2 aq of any other reactive species by electron beam irradiation (Buxton et al. 1988) . 
This is why the nitrate affects the removal efficiency of acetone. Because acetone has also a high reactivity with e 2 aq , in the presence of nitrate, the reduced e 2 aq by the scavenging reaction of nitrate causes the removal efficiency of acetone to decrease. Therefore, the concentration of nitrate during the treatment of groundwater contaminated with acetone must be considered in the electron beam process.
Effect of alkalinity
Alkalinity, which is generally expressed as the total carbonate concentration, is one of the major parameters of the groundwater quality. The effect of different alkalinity conditions on acetone removal was investigated. Figure 5 shows the removal of acetone at different alkalinity conditions. As shown in Figure 5 , there was no significant difference in the acetone removal efficiency as the alkalinity increased from 50 to 200 mg L 21 as CaCO 3 , and all achieved about 92% removal at the 10 kGy absorbed dose.
Although D 0.9 values slightly increased as the alkalinity increased (Table 3 ), but differences were negligible.
HCO 2 3 and CO 22 3 are well known as a zOH scavenger due to their high reactivity with zOH as shown in following Reactions (9) and (10), whereas HCO 2 3 and CO 22 3 are less reactive with e 2 aq as compared to zOH as shown in (11) and (12) (Buxton et al. 1988) . Therefore, the effect of alkalinity on acetone degradation in the electron beam process is negligible. 
Effect of pH value Figure 6 shows the effect of different initial pH values on acetone degradation by electron beam irradiation. Wojná rovits & Taká cs (2008) reported that e 2 aq is converted to zH in a reaction with hydroxonium ions, H 3 O þ in the strong acidic pH range below pH 2 (13). This means that acidic pH values might cause the amount of e 2 aq to decrease. Therefore, the effect of the pH value on acetone removal efficiency in general groundwater pH values, pH 5 to 9 was investigated. The acetone concentration of all conditions was 29 mg L 21 .
The removal of acetone at different initial pH values is shown in Figure 6 (a). There was no significant difference in the acetone removal efficiency under the given pH values (pH 5, 6, 7, 8, and 9). These results were confirmed with the rate constants, and D 0.9 values in Table 3 , which means that the effect of general pH values on the removal of acetone is negligible.
In addition, the pH values of solutions after electron beam irradiation were simultaneously measured. Figure 6(b) shows the variations in the pH value of the acetone solution as a function of the absorbed doses. After the irradiation, the pH values dropped approximately 0.7 to 1.5 as the absorbed dose increased. Especially, significant decreases of the pH were observed approximately 1.5 and 1.4 in the weak basic solution (pH 9) and the weak acidic solution (pH 5), respectively at 10 kGy absorbed dose.
To investigate the cause of the pH decrease after irradiation, the change of the pH in groundwater without acetone (Blank test) was investigated under the same condition. When the groundwater solutions that were prepared for pH 5 to 9 without acetone were irradiated by electron beams, there were no variations in the pH values after irradiation (data not shown). According to the literature (Stefan et al. 1996) , acidic compounds such as acetic, formic, and oxalic acids were produced from the decay of acetone. Considering these results, the pH value in the irradiated acetone solution might decrease due to the formation of these acidic compounds. To prove this assumption, it was conducted that the analysis of the presence of these acidic compounds in the irradiated acetone solutions of different initial pH values.
As shown in Figure 7 , acetate, formate, and oxalate were detected in the irradiated pH 9 acetone solutions at maximum concentration of 8.7, 1.1, and 0.3 mg L 21 , respectively. The acetate which was found with the highest concentration increased until the 2.5 kGy absorbed dose, and then decreased as the absorbed doses increased to 10 kGy. The formate and oxalate showed a similar trend to the acetate in case of the pH 9 solution. Although formation 
CONCLUSIONS
At the 10 kGy absorbed dose, the acetone removal efficiency of 14 mg L 21 initial concentration was 99%, while at the same dose, the removal efficiency decreased as the initial acetone concentration increased from the effect of the initial concentration of acetone. The G-value also decreased as increasing the absorbed dose due to the radical-radical recombination reactions. The removal kinetics of acetone followed the pseudo first-order kinetic model. In addition, the rate constants and D 0.9 values were calculated at all given conditions. The rate constants, k, decreased and the D 0.9 values increased as the removal efficiency of acetone decreased. Through the sulfite, which is a zOH scavenger, addition experiment, it was clearly determined that acetone was mainly degraded by the reaction with e 2 aq . Nitrate decreased the removal efficiency of acetone, because e 2 aq react more quickly with nitrate than with acetone. However, the effect of alkalinity and pH values (pH 5 , 9) on the removal efficiency of acetone was negligible. The pH values decreased approximately 0.7 to 1.5 after irradiation by the formation of acidic compounds such as acetate, formate, and oxalate from decayed acetone.
